The ability to perform precise genetic engineering such as gene targeting in rabbits would benefit biomedical research by enabling, for example, the generation of genetically defined rabbit models of human diseases. This has so far not been possible because of the lack of functional rabbit embryonic stem cells and the high fetal and perinatal mortality associated with rabbit somatic cell nuclear transfer. We examined cultured pluripotent and multipotent cells for their ability to support the production of viable animals. Rabbit putative embryonic stem (ES) cells were derived and shown capable of in vitro and in vivo pluripotent differentiation. We report the first live born ESderived rabbit chimera. Rabbit mesenchymal stem cells (MSCs) were derived from bone marrow, and multipotent differentiation was demonstrated in vitro. Nuclear transfer was carried out with both cell types, and embryo development was assessed in vitro and in vivo. Rabbit MSCs were markedly more successful than ES cells as nuclear donors. MSCs were transfected with fluorescent reporter gene constructs and assessed for nuclear transfer competence. Transfected MSCs supported development with similar efficiency as normal MSCs and resulted in the first live cloned rabbits from genetically manipulated MSCs. Reactivation of fluorescence reporter gene expression in reconstructed embryos was investigated as a means of identifying viable embryos in vitro but was not a reliable predictor. We also examined serial nuclear transfer as a means of rescuing dead animals.
INTRODUCTION
Rabbits are important laboratory animals. The ability to perform precise genetic engineering such as gene targeting in rabbits would greatly benefit biomedical research by enabling, for example, the development of genetically defined rabbit models of human diseases. This has so far not been possible because of the lack of functional rabbit embryonic stem (ES) cells and the inefficiency of rabbit somatic cell nuclear transfer.
Nuclear transfer from cultured somatic cells was developed in part to circumvent the need for ES cells to generate transgenic and gene-targeted large animals [1, 2] . However, this has been technically more difficult than originally hoped. Now, more than 10 years after our first demonstration, there are only a few examples of gene targeting in mammals other than mice: COL1A1 in sheep [2] , PRNP in sheep, cattle, and goats [3] [4] [5] , GGTA1 in pigs [6, 7] , IGH in cattle [4] , and CFTR in pigs [8] .
The cell type used is an important factor in nuclear transfer, particularly when the aim is to generate gene-targeted animals. Ideally, the cells used should proliferate extensively in culture, survive genetic manipulation procedures, support homologous recombination with reasonable efficiency, and undergo efficient reprogramming after nuclear transfer.
Mouse ES cells are eminently suitable for gene targeting, and some evidence indicates they are also more successful nuclear donors than differentiated cell types. Embryos cloned from ES cells developed to term at greater efficiency [9, 10] than embryos from adult cells, such as cumulus [11] , fibroblasts [12] , or Sertoli cells [13] , suggesting that the epigenetic state of ES cells may be more similar to that of early embryos. This is supported by the fact that blastocysts derived from ES cells faithfully expressed Pou5f1 (previously known as Oct4) and related pluripotency genes whereas only 62% of blastocysts cloned from cumulus cells reactivated these genes [14] , which is probably related to the rather open, more euchromatic, chromatin conformation observed in ES cells [15] .
The problem is the difficulty in deriving and maintaining definitive ES cells or equivalent induced pluripotent stem cell lines from many species. ES-like cells have been described in rabbit but, as with many other mammals, definitive function by chimera formation has not been demonstrated [16] [17] [18] [19] . Undifferentiated ES-like cells have not yet been used for rabbit nuclear transfer, although live rabbits have been obtained using differentiated ES derivatives [16] .
Multipotent mesenchymal stem cells (MSCs) are attractive alternatives to ES cells for generating gene-targeted animals. MSCs are readily derived from bone marrow or adipose tissue; they proliferate well in culture and have been used successfully for nuclear transfer in cattle and pigs [20] [21] [22] [23] . MSCs can be transfected and retain their multipotent identity, and they support preimplantation development of nuclear transfer embryos at rates similar to nonmanipulated MSCs [21, 22] .
It is now clear that the success of nuclear transfer differs markedly between various mammals, with rabbits one of the more difficult species examined. Besides our group, only three other groups have succeeded in generating cloned rabbits [24] [25] [26] [27] , including one green fluorescent protein (EGFP) transgenic rabbit [28] . Researchers have consistently reported heavy losses during gestation or within the first few weeks of life. Until the critical factors are identified or remedial methods established, it will be difficult to extend cell-based gene targeting to rabbits.
In this study, we derived pluripotent and multipotent rabbit stem cells and compared their usefulness for cell-mediated transgenesis by nuclear transfer. We tested if MSCs could support full-term development of cloned embryos following genetic manipulation. We also examined the usefulness of serial nuclear transfer as a means of enhancing the viability of cloned rabbits and rescuing the genotype of valuable, but inviable, animals.
MATERIALS AND METHODS
Animal experiments were approved by the animal experimentation ethical committees of the LMU Munich and TU Munich, and performed in accordance with the European Union Normative for Care and Use of Experimental Animals. Unless otherwise indicated, all the chemicals and media were purchased from Sigma Chemical Co.
Pluripotent Stem Cell Derivation and Characterization
Rabbit putative ES cells were derived by methods similar to those described for mice. Rabbit embryos were obtained by flushing explanted oviducts of superovulated Albino Zika rabbits 19 h after natural mating and cultured in vitro to late or hatching blastocyst stage. Female rabbits were superovulated by injection of 100 IU (international units) of equine chorionic gonadotropin (eCG; Intergonan, Intervet) intramuscularly and 100 IU of human chorionic gonadotropin (hCG; Ovogest, Intervet) intravenously 72 h later. Hatching blastocysts were transferred directly onto a feeder layer of mitotically inactivated mouse fetal fibroblasts; nonhatching blastocysts were mechanically dissected and then transferred to a feeder layer. Rabbit explants were cultured in ES cell medium containing 10% fetal calf serum (FCS; PAA Laboratories), preconditioned by feeder cells and supplemented with 10 ng/ml human recombinant basic fibroblast growth factor-2 (FGF2; PromoKine) and human LIF (leukemia inhibitory factor). Primary embryo explants and early passage cultures were dissociated using Accutase (PAA Laboratories) and mechanical trituration. LIF was not required for longer-term culture.
Alkaline phosphatase staining was performed using a SigmaFAST BCIP/ NBT AP detection kit. For immunocytochemical detection of cell surface markers, cells were fixed in 4% paraformaldehyde for 15 min at room temperature (RT), washed, and treated with blocking solution (Roche Diagnostics, GmbH) for 15 min at RT. Cells were then incubated with primary antibodies (see Supplemental Materials and Methods; all supplemental data are available online at www.biolreprod.org) overnight at 48C. After washing, the cells were exposed to secondary antibodies (see Supplemental Materials and Methods) for 1 h at RT. Immunocytochemical detection of POU5F1 was carried out by a similar method, but cells were permeabilized by treatment with 0.1% Triton X-100 before incubation with primary antibodies.
RT-PCR was performed on RNA extracted from undifferentiated rabbit ES (rbES) cell lines. One microgram of DNase-treated RNA was used in the Superscript III One-Step RT-PCR system (Invitrogen). Validated primer sets used for RT-PCR are listed in Supplemental Table S1 . The conditions for RT-PCR were as follows: 558C for 30 min; 948C for 2 min; then 40 cycles of 948C for 15 sec, 598C for 30 sec, and 728C for 1 min; followed by 728C for 2 min.
Rabbit ES cells were induced to differentiate in vitro by culturing them as aggregates in suspension followed by reattachment. ES cells were dissociated and cultured in nonadherent suspension culture dishes (Corning) in Dulbecco modified Eagle medium (DMEM; Gibco) with 10% FCS. After 7 days, aggregates of cells resembling embryoid bodies were transferred to 0.1% gelatin-coated 6-well plates and cultured for a further 10 days.
ES Chimera Generation
Eight to ten cells of the line rbES-1 were microinjected into in vivo derived 8-cell stage recipient embryos from the Black Alaska breed using an Eppendorf micromanipulator and transferred for gestation into hormone-primed recipients (100 IU eCG and 80 IU hCG, 72 h later). Rabbits were delivered by natural birth.
Multipotent Stem Cell Isolation and Characterization
MSCs were isolated from the leg bones of a juvenile male Alicia/Basilea (Ali/Bas) rabbit by flushing with Advanced DMEM medium (Gibco) supplemented with 10% FCS. The aspirate was filtered through a 40-lm cell strainer and precultured in MSC medium composed of Advanced DMEM supplemented with 10% FCS, 0.1 mM nonessential amino acids (PAA Laboratories), 2mM GlutaMAX (Gibco), 5 ng/ml FGF2, 100 lg/ml penicillinstreptomycin, and 100 lg/ml amphotericin B (PAA Laboratories). Nonadherent cells were removed on the following day, and adherent cells were cultured for a further 3 days. Routine culture was carried out in MSC medium without antibiotics; cell layers were dissociated for passage using Accutase.
Rabbit MSCs were assessed for their ability to give rise to osteogenic, adipogenic, and chondrogenic lineages. Osteogenic differentiation was induced in 70% confluent monolayers in MSC medium with 100 nM dexamethasone, 10 mM b-glycerophosphate, and 50 lg/ml L-ascorbate. After 14 days, the cells were fixed, incubated in 5% silver nitrate solution, and irradiated with ultraviolet light; calcium salts were visualized with 5% sodium thiosulfate. Adipogenic differentiation was induced in 80% confluent monolayers in MSC medium with 0.5 lg/ml isobutylmethylxanthine, 10 lg/ml ITSþ1 liquid medium supplement, 100 lM indomethacine (Fluka), and 1 mM dexamethasone. After 21 days, cells were fixed and stained with Oil Red O. Chondrogenic differentiation was induced by growth in suspension in MSC medium without FGF2, with 10 ng/ml transforming growth factor, beta-1 (TGFB1; PromoKine). After 21 days, the cells were washed, pelleted, and digested overnight with 1 mg/ml papain. Glycosaminoglycan content was quantified by dimethylmethylene blue assay using shark chondroitin-6 sulfate as a standard and normalized to total DNA content by PicoGreen assay.
Fibroblast Derivation from Cloned Animals
Fibroblasts were prepared from ear skin samples of EGFP-MSC cloned transgenic rabbits that died shortly after birth. Cartilage was removed, and skin samples were finely chopped and digested with 0.25% (w/v) trypsin, 1 mM ethylenediamineteraacetic acid in PBS for 30 min at 378C. The digested cells and tissues were seeded in 25 cm 2 cell culture flasks containing DMEM/F12 supplemented with 10% FCS and cultured in a 5% CO 2 incubator at 378C. After reaching 70%-80% confluence, monolayers of the primary cells with spindle-shaped morphology were disaggregated for further culture. Fibroblasts were cryopreserved at passages 1-3 for later use.
Transfection
Rabbit MSCs and ES cells (line 5) were transfected with one of two reporter constructs: PGK-EGFP (mouse phosphoglycerate kinase promoter directing EGFP) or CAG-mCherry (CMV early enhancer/chicken b-actin promoter directing expression of mCherry red fluorescent protein). Cells were harvested by Accutase, counted, pelleted by centrifugation at 340 3 g for 5 min, and resuspended in 400 ll electroporation buffer at 1 3 10 6 cells/ml. Plasmid DNA was added, the mixture transferred to an electroporation cuvette (4-mm gap width), and electroporation was performed using a Multiporator (Eppendorf) with one pulse at 1200 V for 85 lsec (for MSCs) or 250 V for 85 lsec (for rbES cells). Cells were incubated for 10 min at RT and transferred into T-75 flasks containing MSC medium or T-25 flasks containing ES cell medium. Selection with 600 and 150 lg/ml G418 (for MSC and ES cells, respectively) was applied 48 h posttransfection (Fig. 1 ).
Nuclear Transfer
Oocytes were obtained from sexually mature Zika rabbits (approximately 3.0 kg and 5-6 mo old). Female rabbits were superovulated by injection of 100 IU eCG intramuscularly and 100 IU hCG intravenously 96 h later. Mature oocytes were flushed from the oviducts 15-16 h post-hCG injection in warm PBS supplemented with 4 mg/ml bovine serum albumin. Cumulus cells were removed by gentle pipetting with a small-bore pipette after treatment of the oocytes with 5 mg/ml hyaluronidase in M199 medium supplemented with 10% FCS for 15 min at 38.58C. Denuded oocytes were treated with 0.6 lg/ml demecolcine between 40 min and 2 h [29] . The resulting metaphase II protrusion with little underlying cytoplasm was removed in M199 supplemented with 7.5 lg/ml cytochalasin B (CB) and 0.6 lg/ml demecolcine using an enucleation pipette. Enucleated oocytes were kept in M199 and later used as recipient cytoplasts.
Donor cells were cultured in medium containing reduced serum (0.5% FCS) for 3-5 days before nuclear transfer. Adherent cells were harvested by Accutase digestion, washed three times, and suspended in M199 medium supplemented with 10% FCS. An individual nuclear donor cell was introduced under the zona pellucida of an enucleated oocyte in M199. Karyoplast-cytoplast complexes (KCC) were manually aligned in a fusion chamber consisting of two wire electrodes 200 lm apart, overlaid with Eppendorf fusion medium, and then fused with an Eppendorf Multiporator (Hamburg, Germany) using double 230 direct current of 1.95 kV/cm for 25 lsec. After a 30 min incubation in M199, fused KCC were activated by the same electric pulses as for fusion, then immediately incubated in M199 supplemented with 1.9 mM 6-dimethylaminopurine and 7.5 lg/ml CB (activation medium). Thirty minutes later, fused embryos were treated again with the same electric pulses and cultured in activation medium for another 30 min. After activation, reconstructed embryos were washed and then cultured in Menezo B2 medium (INRA) containing 2.5% FCS in a humidified atmosphere of 5% CO 2 in air at 38.58C. Embryos destined for transfer to recipients were cultured overnight, while those used to assess in vitro development were cultured up to 5 days, with embryo stages scored by visual observation.
Embryo transfer was carried out laparoscopically by the method of Besenfelder and Brem [30] . Embryos at 4-to 10-cell stage were transferred through the infundibulum into each oviduct of the recipient females with pseudopregnancy induced by injection of 80 IU hCG 24 h after injecting the does used as oocyte donors. Pregnancy was determined by palpation approximately 2 wk after embryo transfer. Offspring were delivered either by natural birth or caesarean section.
Detection of EGFP and mCherry Fluorescence in Cells, Cloned Embryos, and Offspring
Fluorescence was analyzed using an inverted epifluorescence microscope (Axiovert 200M; Zeiss) equipped with the appropriate filters (FITS for green and G2A for red). Digital images were taken with a 203 objective and a color CCD camera (AxioCam HR; Zeiss). GFP fluorescence was tested in the skin of cloned rabbits using an epifluorescence light.
Genotyping of Cloned Rabbits
Ali/Bas genotyping of cloned rabbits, recipient rabbits, and donor cells was carried out by allelic discrimination with real-time PCR, through the 5 0 -nuclease assay (TaqMan) using an ABI 7500 quantitative PCR system. Primers and probes used for the Ali allele were: Ali-forward (GCAGCAGTTCAA-CAGCACGAT), Ali-reverse (TTGTTGTGGACTTTGCACTTGAA), Taqman MGB probe for the wt allele (VIC-ATCGCGCACGAGGA-MGB), and Taqman MGB probe for the Ali allele (FAM-ATCACGCACGAGGAC-MGB). Primers and probes used for the Bas allele were: Bas-forward (GGAGATGCCCACTGGTACCTAA), Bas-reverse (TGTTTCAGTTGT CAGCTGATCAG), Taqman MGB probe for the wt allele (VIC-CTCCTCAGGTGATCC-MGB), and Taqman MGB probe for the Bas allele (FAM-CTCCTCAAGTGATCC-MGB).
To verify the presence of the EGFP gene, PCR was performed with 100 ng samples of genomic DNA that were extracted from the ears of cloned rabbits. Amplification was carried out using GoTaq polymerase (Promega) with the following primers: GFP-forward (GGCCACAAGTTCAGCGTGTC) and GFPreverse (GTCCATGCCGAGAGTGATCC). The thermal parameters were: 958C for 5 min; then 35 cycles of 948C for 30 sec; 558C for 30 sec; 728C for 1 min; followed by 728C for 1 min.
RESULTS
We isolated and characterized rabbit pluripotent embryonic stem cells and multipotent mesenchymal stem cells and examined their suitability for nuclear transfer.
Rabbit Pluripotent Stem Cell Isolation and Characterization
A total of 403 albino Zika rabbit embryos were taken into culture from which 257 viable explants were derived. Seventytwo cell lines with undifferentiated morphology were derived that survived to passage 4, but at this stage, many of the lines differentiated and were lost. Thirteen putative rbES cell lines continued to proliferate to passage 10 and beyond. Nine of these were characterized in more detail. These established rabbit cell lines showed robust self-renewal, and some lines were grown up to passage 40.
We first analyzed the expression of characteristic ES cell markers. All the lines tested expressed alkaline phosphatase (see Supplemental Fig. S1 ). A series of RT-PCR assays was established to detect expression of POU5F1, REX1, NANOG, TERC, NODAL, FOXD3, DPPA5, and BMP4. Analysis of rbES lines 1, 5, 6, 8, and 9 showed that all expressed each of these genes (see Supplemental Fig. S2 ). POU5F1 protein expression was also confirmed by immunodetection. However, none of the cell surface markers (SSEA-1, SSEA-4, TRA-1-60, and TRA-1-81) were detected, which is consistent with results obtained by Fang et al. [16] (see Supplemental Fig. S3 ), although the apparent absence of these antigens could be due to the lack of cross-species reactivity with the antibodies used. Parallel immunostaining with mouse ES cells and human RABBIT CELLS FOR NUCLEAR TRANSFER 231 embryonic carcinoma cells detected SSEA-1, SSEA-4, TRA-1-60, and TRA-81, confirming that the assay was functional (see Supplemental Fig. S3) .
The pluripotent character of rbES cell lines was then tested by the formation of embryoid bodies by suspension culture in the absence of LIF and FGF2, followed by replating. Differentiation into various types of cells was observed, including patches of beating cardiomyocytes after differentiation of line rbES-5 (see Supplemental Movie and Fig. 2) .
The definitive test for any nonhuman ES cell line is the ability to contribute to chimeric animals. Karyotype analysis was first performed to detect any gross chromosomal abnormalities by ES cells. All the rbES lines tested exhibited a normal karyotype of 44 chromosomes (.70% of cells analyzed). Cells of the (albino) rbES-1 line were microinjected into embryos of the Black Alaska rabbit breed (Fig. 3A) to allow recognition of ES contribution by coat color. Trial experiments revealed that injection of rbES cells into in vivo derived rabbit blastocysts was mechanically difficult because of the thick mucoprotein layer, or mucolemma, surrounding the embryo (Fig. 3B) . We therefore injected rbES cells into 4-to 8-cell stage in vivo derived embryos, at which time the mucolemma is relatively thin (Fig. 3C) . In mice, injection or aggregation of ES cells with precompaction-stage embryos is a highly successful means of obtaining ES contribution to chimeric animals [31] . We performed injections into a total of 198 embryos, performed transfers into 7 recipients, and obtained a total of 20 live born and 1 stillborn offspring. Twenty showed only a black coat color, and one live born offspring showed clear evidence of coat color chimerism (Fig.  3D) . The chimera was morphologically male, but the ES line used for injection was female. PCR amplification of the SRY gene from hair follicles taken from white and black patches showed the white patches to be female and black patches to be male (see Supplemental Fig. S4 ). The chimeric animal was however weak and died 60 days after birth. Inheritance through the germ line could therefore not be tested. Nevertheless, to our knowledge this is the first report of an ES-derived rabbit chimera.
Rabbit Multipotent Stem Cell Isolation and Characterization
MSCs were isolated from the bone marrow of a male Ali/ Bas rabbit and investigated by standard assays for characteristic differentiation to bone, cartilage, and adipose cells (Figs. 4 and  5) . After 3 wk of osteogenesis induction, MSCs stained strongly with Alizarin red, indicating calcium phosphate deposition (Fig. 4, A and B) . Adipogenic differentiation resulted in most cells containing numerous lipid droplets as visualized by Oil Red O staining (Fig. 4, C and D) . Chondrogenic induction resulted in the formation of characteristic compact cartilaginous three-dimensional pellets. The pellets displayed increased content of both sulfated glycosaminglycans and DNA, indicating that MSCs formed tissue characteristic of cartilage (Fig. 5) .
Nuclear Transfer Using Rabbit Pluripotent and Multipotent Stem Cells
Rabbit ES lines 1, 5, 6, 9, 19, and 20 were assessed for nuclear transfer competence. Results for each line were similar and have been combined in Table 1 . Approximately onequarter of reconstructed embryos completed development to blastocyst stage in vitro. Longer term development in vivo was however less encouraging (Table 2 ). Although 12 of the 22 embryo transfer recipients became pregnant, none resulted in the birth of live rabbits. Assessment of the ability of rabbit MSCs to support in vitro and in vivo development by nuclear transfer was more successful, as shown in Tables 1 and 2 . A high proportion of MSC-derived embryos underwent cleavage, and more than one-third developed to blastocyst. Transfer of MSC-derived embryos resulted in nine pregnancies. Two recipient does gave birth to two stillborn and eight live offspring (Table 2) . Of these, two rabbits lived for more than 7 days and one for 3 mo, but this animal had to be euthanized because of a severe bacterial infection.
Use of the genetically marked Ali/Bas strain made it possible to unequivocally identify offspring originating from MSCs. Allelic discrimination by quantitative PCR analysis revealed that the donor cells and cloned rabbits were Ali/Bas in origin and the recipient rabbits were not.
Nuclear Transfer Using Genetically Modified MSCs
These results led us to focus subsequent experiments on MSCs rather than ES cells. MSCs were stably transfected with either a PGK-EGFP or CAG-mCherry construct. Pools of stable transfectants were assessed for nuclear transfer competence, first by in vitro culture to blastocyst and then in vivo after embryo transfer. Culture of reconstructed embryos showed a high proportion of cleavage, similar to nontransfected MSCs, and approximately one-half of the reconstructed embryos developed to blastocyst.
We investigated whether extinction and reactivation of EGFP and mCherry expression provided a visual indicator of successful and timely activation of the embryonic genome in reconstructed embryos and correlated with developmental potential. We found that fluorescence disappeared 1-2 h after embryo reconstruction and became detectable again in a proportion of embryos at the 8-to 16-cell stage, 42-48 h after nuclear transfer (Fig. 6) . At morula and blastocyst stages, the proportion of EGFP-positive embryos was significantly higher than for mCherry-positive embryos (Figs. 6 and 7, and Table  3 ). This was somewhat surprising, because expression of the CAG-mCherry construct in the transfected MSC pools was at least as strong as that obtained with PGK-EGFP. No clear correlation was however evident between the expression of either reporter gene and subsequent development.
To produce transgenic rabbits, nuclear transfer was performed with MSCs expressing EGFP. This resulted in four pregnancies, one of which continued to term. The recipient doe gave birth to two stillborn and six live offspring ( Table 2) . Three of the live offspring died shortly after birth, with two surviving for 2-3 days and one for 17 days. As seen before, genetic analysis confirmed that cloned offspring and donor cells were Ali/Bas in origin and transgenic for PGK-EGFP, while the recipients were not (Fig. 8) .
Second Round Nuclear Transfer Using Fibroblasts from Cloned Rabbits
Most transgenic cloned rabbits died within days of birth. To test if a second round of reprogramming could rescue a RABBIT CELLS FOR NUCLEAR TRANSFER potentially valuable genotype and possibly increase viability, we performed a second round of nuclear transfer using newly isolated fibroblasts from two EGFP transgenic rabbits that died shortly after birth (F-GFP-MSC-A and -B). Nuclear transfer results are summarized in Tables 4 and 5 . The proportion of embryos that cleaved and proceeded to the blastocyst stage in vitro were similar to those observed with MSC-derived embryos. However, although embryo transfer established a total of 10 pregnancies, only two recipients proceeded to term. From these, two dead rabbits were delivered by caesarean section (Table 5) . Notably, while GFP fluorescence was evident in the original EGFP-MSC nuclear donor cells, it was not observed in the skin of first-round cloned rabbits, in fibroblasts derived from them, in recloned embryos in vitro, nor in the dead recloned offspring. The presence of the EGFP gene in fibroblasts and offspring was however confirmed by PCR analysis.
DISCUSSION
The production of gene-targeted and transgenic rabbits by cell-mediated transgenesis will remain difficult until the problem of poor viability following nuclear transfer is overcome. We have examined pluripotent and multipotent candidate cell types as nuclear donors. We derived rabbit putative embryonic stem cells, demonstrated in vitro markers of pluripotency, and reported the first live born rabbit chimera. These cells were examined for their ability to support development after nuclear transfer and compared with MSCs. MSCs were investigated further as a means of generating transgenic rabbits, and we report here the first live cloned rabbits from genetically manipulated MSCs. We also examined serial nuclear transfer as a means of rescuing dead animals and improving animal viability.
Rabbits have been generated by nuclear transfer from a number of cultured cell types, but the efficiency of cloning is consistently very low. Although a large proportion (up to 70%-90%) of reconstructed embryos can develop to blastocyst [27, V. Zakhartchenko, unpublished results], few give rise to live offspring and fewer still survive to maturity. Collected published data show that of 42 cloned rabbits live at birth, only 17 reached sexual maturity [16, [24] [25] [26] [27] 32] . The greatest number of cloned rabbits surviving to adulthood (eight) was recently reported by Meng et al. [27] using fresh noncultured cumulus cells. However, cumulus cells proliferate poorly in culture [33] and are of little practical use in cell-mediated transgenesis.
It has been suggested that cells with a high degree of developmental plasticity may be better nuclear donors than more differentiated cell types [34] . However, isolation and propagation of pluripotent stem cells such as ES cells has proved to be difficult for most mammals other than mouse, and few experiments using them as nuclear donors have been performed. Work with mouse ES cells showed that, although initial development is better in embryos derived from differentiated donor cells, a higher fraction of ES-derived embryos develop to term [35] .
The data available on MSCs as nuclear donors are equivocal and show variation between mammalian species. MSCs were first used for nuclear transfer in cattle by Kato et al. [20] , who suggested that MSC-derived embryos had no higher developmental potential than those produced from other cells. However, the data set was small and did not include direct comparison with other cell types. Subsequent studies with MSCs in different species have provided contrasting results. Similar rates of development to blastocyst using MSC and adult fibroblast donors were described in cattle and pigs by Colleoni et al. [21] and in pigs by Bosch et al. [22] . Faast et al. [23] reported an almost twofold higher yield of blastocysts using porcine MSCs than adult fibroblasts derived from the same animal. Other studies in pigs also described higher rates of development to blastocyst with bone marrow MSCs than fetal fibroblasts [36, 37] . These findings were supported by analyses of pluripotency gene expression (POU5F1, STAT3, NANOG), DNA methylation (DNMT1, DNMT3A), histone deacetylation (HDAC2), growth factor signaling and imprinting (IGF2, IGF2R), and apoptosis (BAX, BCL2), which revealed that porcine MSC-derived cloned embryos resembled normal in vivo embryos more closely than did fetal fibroblast-derived cloned embryos [37] . Our own findings (Zakhartchenko et al., unpublished results) also show that porcine MSCs support gene targeting and nuclear transfer efficiently. 
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We first assessed the putative rabbit ES cells and MSCs for pluripotency or multipotency and then compared their capacity to support embryo development. Our results with rabbit ES cells are in striking contrast to those with mouse ES cells. We carried out almost 2000 embryo reconstructions using six independently derived rbES lines. Development to blastocyst stage was poorer than when using rabbit MSCs, and none completed gestation. Our ES lines were clearly pluripotent by in vitro assay, and karyotype analysis revealed no gross abnormalities. It is nevertheless possible that some subtle defect was present. A chimera was obtained from one line, but the efficiency of chimera production was low. This could be due to technical factors associated with microinjection, but it is also possible that our pluripotent cell lines are not definitive ES cells. It has recently been proposed that many human ES cell isolates may actually be pluripotent epiblast stem cells [38, 39] .
Rabbit MSC nuclear transfer was carried out by the same procedure and resulted in a higher proportion of cloned embryos developing to blastocyst and multiple live births. Our investigations of nuclear transfer efficiency using genetically manipulated MSCs were particularly informative. Clearly, in vitro manipulations such as DNA transfection, drug selection, and prolonged culture incur the risk of genetic or epigenetic defects. We previously found that transfected and selected bovine fibroblasts supported a lower rate of embryo development than isogenic nontransfected fibroblasts [40] . It was therefore very encouraging that transfected MSCs supported development in vitro and vivo at least as well as nonmanipulated cells, supporting their further use for gene targeting. To our knowledge. this is the greatest number (i.e., 18) of rabbits produced by nuclear transfer using long-term cultured cells. However, further improvements are clearly required to increase survival in the first few weeks of life.
Serial nuclear transfer, or recloning, potentially offers a means of improving the viability of cloned animals by providing a second round of reprogramming. There have been several studies using cells derived from cloned embryos, fetuses, or postnatal animals [41] [42] [43] [44] [45] . We previously showed in cattle that a second round of nuclear transfer using fetal transgenic fibroblasts improved development to blastocyst [46] . It has also been reported that nuclear transfer efficiency can be maintained over two and three rounds of nuclear transfer using fetal bovine cells [4] , while other researchers describe a progressive decrease over clonal generations using adult bovine cells [47] . Interestingly, there has been a recent report of the use of a histone deacetylase inhibitor to obtain 15 successive generations of recloned mice with no decrease in success rate, suggesting that animal cloning can in principle be repeated indefinitely [48] .
We tested whether recloning was a useful means of retaining and propagating genetically modified rabbit offspring using postnatal-derived fibroblasts. These cells were cultured only briefly compared to the transfected MSCs used in the first round of nuclear transfer. The overall efficiency of recloning in terms of blastocysts and gestation to term was comparable with the first round of nuclear transfer using MSCs although no live rabbits were obtained. Further experiments would be required to determine if there is a real difference in the cloning efficiency of fibroblasts and MSCs.
Investigating the many factors that affect the success of nuclear transfer would be greatly aided if it were possible to gain some early indication of the viability of reconstructed embryos. The majority of gene expression within a transferred nucleus is expected to be extinguished directly after nuclear transfer and reestablished at the time of embryonic genome activation, which in rabbits is around the 8-to 16-cell stage [49] . This should also apply to transgenes such as PGK-EGFP or CAG-mCherry, and these could provide a visual indicator of successful and timely activation of the embryonic genome in reconstructed embryos. We found that the expression of fluorescent marker genes was indeed down-regulated after nuclear transfer, becoming detectable again at the 8-to 16-cell stage. There have, however, been reports of earlier expression of reporter genes [50] [51] [52] [53] . Unfortunately we observed no clear correlation between fluorescent reporter expression and embryo viability. Not every good-quality embryo was positive for EGFP or mCherry and not every embryo that developed further to blastocyst exhibited fluorescence. We also observed that reactivation of the reporter transgene occurred more frequently when under the control of the PGK promoter than the CAG promoter. However after the second round of nuclear transfer, the expression of PGK-EGFP transgene was also lost, suggesting epigenetic silencing. Our results are in accord with the findings of Bordignon et al. [54] who described that in cattle a silenced transgene was not reactivated after a second round of nuclear transfer. In pigs, Kang et al. [55] reported that an EGFP gene was not expressed even though it was under the control of the b-actin promoter and packaged in an active chromatin structure with highly acetylated H3 and H4 histones.
In summary, pluripotent and multipotent rabbit cells were assessed for their nuclear transfer competence. Both were able to establish pregnancies but large litters of cloned animals were only obtained with the multipotent MSC cells. These cells can be easily genetically modified without loss of nuclear transfer competence and might therefore be useful for gene targeting experiments. However, further improvements in nuclear transfer are required. RABBIT CELLS FOR NUCLEAR TRANSFER 235
